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Effects of water immersion on renal function
in the nephrotic syndrome
GOLLAPUDI G. KRISHNA and GABRIEL M. DANOVITCH
Division of Nephrology and Program in Kidney Diseases, Department of Medicine, UCLA School of Medicine, Los Angeles, Califoinia
Effects of water immersion on renal function in the nephrotic syn-
drome. Nine adult patients with the nephrotic syndrome were studied
during 4 hours of water immersion (WI) to the level of the neck in the
seated position and under control conditions. During WI, sodium
excretion (UNaV) rose from a mean prestudy level of 45.9 18.7
p.Eq/min to a mean peak level of 242.2 42.8 Eq/min during the 4th
hour. During control studies, UNaV was unchanged. During WI, urine
volume rose from 1.1 0.4mI/mm and reached a peak level of 7.5 0.8
ml/min during the 2nd hour. There were also marked increases in free
water clearance and potassium excretion. Plasma renin activity fell
from a prestudy level of 5.1 1.3 ng/ml/hr to a nadir of 1.9 0.4
ng/ml/hr during the 2nd hour of WI. Levels were unchanged during
control studies. There was a considerable variation in the magnitude of
the natriuretic effect of WI between the individual patients. Peak levels
of UNaV varied from 55.3 to 488 .Eq/min, and net negative sodium
balance varied from 12.8 to 105 mEq. These variations were found to be
directly related to the patient's estimated plasma volume, such that y =
l9.2x — 211 (r = 0.84) represented the relationship between the plasma
volume and the peak UNV, andy = l.9x — 41 (r = 0.81) represented
the relationship between plasma volume and net negative sodium
balance. These studies indicate that in patients with nephrotic syn-
drome, as in normal subjects, WI provides a potent natriuretic stimulus
that results from expansion of the central blood volume. The magnitude
of the natriuresis in nephrotic patients is related to their plasma volume,
an observation that might help predict therapeutic benefit of the
procedure in the individual patient.
Effets de l'immersion dans l'eau sur Ia fonction rénale dans le syndrome
nephrotique. Neuf malades adultes atteints de syndrome néphrotique
ont été étudiés au cours de 4 heures d'immersion dans l'eau (WI)
jusqu'au cou en position assise et dans des conditions contrôles. Au
cours de l'immersion l'excrétion de sodium (UNaV) a augmenté d'une
valeur moyenne contrôle de 45,9 18,7 REq/mn a une valeur moyenne
de pic de 242,2 42,8 jiEq/mn au cours de Ia quatrième heure. Au
cours des etudes contrôles UNaV était inchangée. Au cours de l'immer-
sion Ic debit urinaire a augmente de 1,1 0,4 mI/mn et a atteint une
valeur de pic de 7,5 0,8 mI/mn au cours de Ia deuxième heure. Une
augmentation importante de Ia clearance de l'eau libre et de l'excrétion
de potassium a Cté observée. L'activité refine plasmatique a diminué
d'une valeur de 5,1 1,3 ng/ml/h avant l'Ctude a un minimum de 1,9
0,4 ng/ml/h au cours de Ia deuxième heure de l'immersion. Au cours des
etudes contrôles les valeurs ont été inchangées. Des variations mdlvi-
duelles considerables dans l'amplitude de l'effet natriurétique de l'im-
mersion ont été observées. La valeur de plc de UNV a vane de 55,3 a
488 a vane de iEq/min, et net negative l'equilibre sodium 12,8 mEq a
105 mEq. Ces variations ont été corrélées au volume plasmatique
estimé des malades de telle sorte que y = 19,2x — 211 (r = 0,84) a
représente Ia relation entre le volume plasmatique et Ia valeur de pic de
UaV, et que y = l,9x — 41 (r = 0,81) a represente Ia relation entre le
volume plasmatique et le bilan négatif net de sodium. Ces etudes
indiquent que chez des malades atteints de syndrome nCphrotique
comme chez les sujets normaux l'immersion produit un stimulus
natriurétique puissant qui résulte d'une expansion du volume sanguin
central. L'importance de Ia natriurése chez les malades atteints de
syndrome néphrotique était en relation avec leur volume plasmatique,
une observation qui peut aider a prédire l'effet therapeutique de cette
manoeuvre pour un malade donné.
Thermoneutral head-out water immersion (WI) is an extreme-
ly valuable experimental technique that has been exploited to
great advantage in furthering the understanding of volume
homeostasis. In normal man, WI induces a natriuresis and
diuresis thought to be due largely to a redistribution of blood
volume with a relative central hypervolemia [II. The technique
has also been used to study certain aspects of volume regulation
in decompensated cirrhosis, where its application has produced
a variable diuretic and natriuretic response [2, 31. The present
study characterizes the effects of WI on renal function in a
group of adult patients with nephrotic syndrome. For the group
as a whole, there was a pronounced natriuresis and diuresis.
Among individual patients, there was a considerable variation
in the natriuretic response that appeared to be related to the
degree of expansion of the plasma volume.
Methods
We studied nine patients with the nephrotic syndrome, as
defined by standard clinical criteria. Biographical and clinical
details of this group of patients are shown in Table I. In each,
the pathologic diagnosis was made by a combination of light,
immunofluorescent, and electron microscopy. None of the
patients had clinical evidence suggestive of liver or heart
disease. Three of the patients were receiving diuretic medica-
tions on a regular basis, and these were discontinued at least 2
weeks prior to the studies. None of the patients received steroid
medications 2 weeks prior to the studies.
Patients were admitted to the Clinical Research Center at the
UCLA Center for the Health Sciences and received a diet
estimated to contain 40 mEq of sodium and 100 mEq of
potassium for not less than 3 days. This dietary regime was
chosen because of its similarity to the dietary regime usually
prescribed for nephrotic patients. Each patient underwent two
studies, a WI study and a control study. These studies were
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Table 1. Biographical and clinical data
Patient
no. Age Sex Biopsy diagnosis
Dry weight
kg
Serum
albumin
gidi
24-Hr
protein
g
Duration
of edema
months
1 23 F Focal sclerosis 58.0 1.6 6.0 12
2 32 F Diffuse proliferative
nephritis
71.3 2.7 13.0 6
3 25 M Minimal change NSa 64.5 1.2 16.0 1
4 28 F Mesangioproliferative
glomerulonephritis"
56.3 2.6 4.6 5
5 52 M Primary amyloidosis 72.7 2.0 15.0 5
6 25 M Focal sclerosis 64.4 1.5 33.9 14
7 25 M Minimal change NSa 68.5 1.1 8.0 2
8 52 M Membranous nephropathy 80.0 2.0 25.0 12
9 52 M Membranous nephropathy 72.7 2.1 13.0 12
a Steroid responsive
separated by at least 3 days. In six patients, the WI study
preceded the control study.
The experimental protocols for the control and immersion
studies were as follows: After an overnight fast and water
deprivation, the patients voided spontaneously at 8:00 A.M. and
received 200 ml of tap water to drink, An i,v. catheter with a
heparin lock was inserted into a forearm vein, and 10 ml of
blood was withdrawn. Four milliliters of blood were transferred
rapidly into a chilled vacutainer containing EDTA for estima-
tion of plasma renin activity; the remainder of the blood was
used for the chemical estimations listed below. For the follow-
ing 6 hours, the patients remained seated. At hourly intervals
they stood briefly to void spontaneously, and after each voiding
they received a further 200 ml of tap water to drink to maintain a
high urine output. Additional blood samples were drawn at each
hour in the immersion studies and at 3 and 5 hours in the control
studies. During the control study, the patients remained seated
outside of the immersion tank. During the immersion studies,
the patients first sat outside of the immersion tank for 1 hour
(prestudy hour) and then sat on a stool in the tank up to the neck
in water. The tank itself was made of steel and measured 4-ft
wide by 7-ft long and was 3-ft 6-in deep. The water temperature
was maintained constant at 34.5 to 35° C by a thermostatically
controlled recirculating pump. After 4 hours in this tank, the
patients sat for a further hour outside of the tank (recovery
hour). All patients were weighed at the commencement and
completion of the studies using a clinical scale.
In view of the lack of reliability of creatinine clearance for the
estimation of GFR in patients with nephrotic syndrome [4],
inulin clearance was measured in three patients. In addition to
the above protocol, a bolus i.v. injection of inulin was given at
7:00A.M., and a maintenance infusion was begun at a rate of 0.5
mI/mm. The bolus inulin injection and the infusion rates were
calculated to produce a plasma inulin level of approximately 20
mg/dl. During these studies, patients drank 170 ml rather than
200 ml of tap water each hour.
Plasma volume was estimated in six patients within the week
preceding the immersion studies. One patient refused to under-
go plasma volume estimation because of the administration of
radioactivity. In two patients, we were not able to perform the
plasma volume studies in close proximity to the water immer-
sion, and the plasma volumes recorded are from a time when
their clinical status was the same as that at the time of WI.
Plasma volume was measured with '251-Iabeled human serum
albumin. Because of the possibility of increased transcapillary
albumin loss in patients with the nephrotic syndrome, three 5-
ml blood samples were drawn at precise 5-mm intervals from
the injection of the human serum albumin, and the scintillation
counts were plotted against time on semilog paper and extrapo-
lated to zero time. Plasma volume was measured in all patients
at 2:00 P.M. while they were in the seated position. Results were
expressed in terms of dry weight. In those patients with steroid-
sensitive nephrotic syndrome, the value for dry weight was
their weight at a time when their nephrotic syndrome had
remitted. For the remaining patients, dry weight was taken
empirically as the minimum weight achieved after diuresis and
dietary sodium restriction.
Urine and plasma sodium and potassium concentrations were
measured on a Corning 450 flame photometer. Urine and
plasma osmolality was measured using a Wescor vapor pres-
sure osmometer, model 5100 B. Albumin in blood and urine was
measured using a modification of a Bromcresyl green dye
binding method. Creatinine was measured using a Beckman
Creatinine Analyzer; and inulin, using an Anthrone method
modified for use with an autoanalyzer. Plasma renin activity
(PRA) was measured using an angiotensin I radioimmunoassay
kit (New England Nuclear, NEA-026). Comparisons between
control and experimental groups were analyzed using Student's
test, and within-group comparisons were performed by repeat-
ed measures analysis of variance. Data are expressed as the
means SEM. Permission for the studies was obtained from
each patient after the protocol and its potential complications
were described in detail. The protocol was approved by the
Human Subjects Protection Committee of the UCLA School of
Medicine.
Results
Clinical features. At the time of these studies, all patients
fulfilled the standard clinical criteria for the diagnosis of the
nephrotic syndrome (see Table I). All patients had been edema-
tous for at least 1 month prior to the studies, and when observed
during the 3 days prior to the studies their body weights were
steady and their external sodium balance was maintained and
confirmed by repeat daily urinary sodium estimations. In three
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of the patients, the nephrotic syndrome was steroid responsive,
and they eventually became edema-free and proteinuria-free;
the remaining patients continued to suffer edema and protein-
uria. In only two of the patients (patients I and 8) was there any
notable decrease in GFR as estimated by plasma creatinine and
creatinine clearance. During the course of the immersion stud-
ies, there was a fall in weight of greater than 0.5 kg in six of the
nine patients, and the mean weight loss was 0.5 0.2 kg (see
Table 3). Body weight fell notably in only one patient during the
control studies, and in this patient there was a diuresis and a
natriuresis in the seated nonimmersed position. There was no
consistent detectable alteration in serum sodium, potassium, or
osmolality during the course of either the immersion or control
studies. Following WI, five of the patients, including two of
those in whom no major weight loss was recorded, commented
spontaneously on experiencing a decrease in their pretibial and
ankle edema.
Urinary volume, sodium, and potassium excretion. The ef-
fects of 4 hours of WI on urine volume, sodium, and potassium
excretion are shown in Tables 2 and 3 and Fig. I. Mean urinary
sodium excretion was 45.9 18.7 p.Eq/min in the prestudy
hour. In the 1st hour of immersion, there was no significant
increase in the natriuresis, but in the subsequent 3 hours sodium
excretion increased significantly (P < 0.001) and reached a
mean 235.1 46.9 i.Eq/min in the 4th hour of immersion.
During the recovery hour, sodium excretion fell (P < 0.05, for
recovery vs. the final hour of immersion). During the control
study, urine sodium excretion remained at a rate of approxi-
mately 50 p.Eq/min throughout. Table 3 documents the total
negative sodium balance during the period of immersion and the
peak values for urinary sodium excretion reached during the
studies. There was considerable variation both in the total
negative sodium balance (ranging from 14.4 to 105 mEq) and in
the peak urinary sodium excretion (ranging from 55.3 to 488
p.Eq/min). The relationship between this variation and the
estimated plasma volume is shown in Fig. 3 and is discussed
below. Mean urinary potassium excretion during the prestudy
hour of the immersion studies was 53.1 19.0 Eq/min, and in
the equivalent hour in the control studies was 53.5 12.4
iEq/min. During WI, potassium excretion rose (P < 0.005) and
reached a mean peak of 112.3 23.3 Eq/min during the 2nd
hour. Subsequently, values fell toward prestudy levels (P <
0.05). There was no significant alteration in potassium excretion
during the control studies.
Urine volume rose rapidly following WI in this group of
patients (P < 0.001). In the prestudy hour, the urine output was
1.1 0.4 mI/mm. The peak level of 7.5 0.8 mI/mm was
reached in the 2nd hour of immersion and in one patient (patient
5) urine volume reached 13.5 mI/mm. Urine volume fell signifi-
cantly during the recovery hour (P < 0.005 for recovery vs.
final hour of immersion). During the control studies, urine
volume also rose and reached a mean peak level of 3.1 mllmin
during the 3rd hour (P < 0.05). This diuresis was presumably
the result of the hourly water load included as part of the
protocol.
Table 2 also documents the nature of the immersion-induced
diuresis. Free water clearance, which was negative in the
prestudy hour of both the immersion and control studies, rose
to 3.9 0.8 mI/mm during the 2nd hour of water immersion (P
< 0.001). The diuresis of water immersion could thus be
accounted for both by a solute diuresis and a water diuresis in
approximately equal proportions.
Glomerular filtration rate. In all the water immersion and
control studies, GFR was estimated by creatinine clearance. In
the group as a whole, there was a tendency for creatinine
clearance to increase during the first 2 hours of WI, though this
tendency was not statistically significant and in the individual
studies there were wide and inconsistent variations. Inulin
clearance was performed simultaneously in three water immer-
sion studies and in the parallel control studies. In two of these
studies (Fmg. 2), inulin clearance rose during the first 2 hours of
immersion. There was a wide variation in the ratio of creatinine
clearance to inulin clearance during both the WI and control
studies, and creatinine clearance was consistently greater than
inulin clearance by as much as 50 to 250%. Creatinine clearance
can thus not be considered a reliable method of estimating GFR
in patients with the nephrotic syndrome, and for this reason
results of sodium excretion are expressed in absolute terms
only.
Plasma renin activity. Levels of PRA fell from a prestudy
level of 5.1 1.3 ng/ml/hr and reached a nadir of 1.9 0.4
ng/ml/hr during the 2nd hour of immersion (P < 0.05). There
was a tendency of values to rise during the recovery hour, but
this was not statistically significant. During the control studies,
there was no consistent alteration in PRA. There was no
statistically significant relationship between prestudy levels of
PRA and the plasma volume, total negative sodium balance, or
peak urinary sodium excretion. The patient (patient 4) with the
highest prestudylevelofPRA(13.l ng/ml/hr) was, however, the
patient with the lowest recorded level of plasma volume and the
lowest peak level of urinary sodium excretion and total negative
sodium balance during WI.
Plasma volume. There was a considerable variation in the
estimated plasma volume in the patient studied with values
above and below the usually quoted normal values for males
and females (36 to 44 mI/kg in males, and 35 to 43 mI/kg in
females [SD. In four patients, levels of plasma volume were
clearly above the normal range, in three patients levels were
within the normal range, and in one patient the level was clearly
below the normal range. In an attempt to determine if there was
a relationship between the response to water immersion and the
plasma volume of this group of patients, we plotted values for
plasma volume against the peak values for urinary sodium
excretion and the total negative sodium balance obtained during
the period of the WI studies (Fig. 3). The relationship between
plasma volume and peak urinary sodium excretion could be
expressed by the equation y = lOx — 211 (r = 0.84). The
relationship between plasma volume and total negative sodium
balance during WI could be expressed by the equation y = I .9x
— 41 (r = 0.81).
Discussion
In this heterogenous group of patients with the nephrotic
syndrome, 4 hours of immersion to the neck in a water bath at
neutral temperature induced profound changes in the rates of
excretion of sodium, potassium, and water. For the group as a
whole, sodium excretion increased fivefold, potassium excre-
tion more than doubled, and urine volume was nearly three
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Table 2. Urinary excretion patterns and plasma renin activity in patients with the nephrotic syndrome during control conditions and during
water immersion (WI)
Prestudy 1 2 3 4 Recovery
V, mi/mm
Control 1.1 0.2 1.4 0.3 2.8 0.6 3.1 0.7 3.0 0.8 2.9 0.7
WI 1.1 0.4 3.4 0.8" 7.5 0.8" 6.4 l.lb 5.4 0.6" 2.5 0.6
UNaV, .Eq/min
Control 63.9 22.7 55.6 17.8 53.8 18.4 56.5 65.0 62.6 19.9 65.3 20.8
WI 45.9 18.7 71.5 23.1 149.6 30.3" 235.1 46.9" 242.2 42.8" 168.5 474a
UKV, p.Eq/min
Control 53.5 12.4 46.7 8.4 45.1 7.8 39.4 8.1 49.9 8.4 48.9 7.1
WI 53.2 19.1 82.1 18.4a 112.3 23.3" 99.3 18.6" 83.6 12.5" 65.2 13.5
Car, mi/mm
Control 117.3 16.3 — 140.4 27.1 — 124.5 23.2 —
WI 109.7 17.5 146.8 17.8 144.3 20.0 129.8 18.1 125.6 14.7 128.5 19.0
CH ,,, mi/mm
ontro1 —0.6 0.2 — 0.9 0.9 — 1.2 0.5 —
WI —0.7 0.3 0.8 0.8 3.9 0.8" 2.8 0.7 1.9 0.4 —0.1 0.2
PRA, nglmi/hr
Control 4.9 1.2 — 5.5 0.8 — 8.0 2.2 —
WI 5.1 1.3 3.9 0.7 1.9 0.4b 2.7 1.1 3.0 1.3" 4.4 1.2
P < 0.05 (differences from control).
P < 0.005 (differences from control).
Table 3. Plasma volume, change in weight, sodium balance and peak sodium excretion in patients with the nephrotic syndrome during control
conditions and during water immersion (WI)
Weight change Total negativeEstimated Kg sodium balance" Peak UNaV, p.Eq/mmn
Patient plasma volume
no. mi/kg WI Control WI Control WI Control
1 40.8 0 +0.1 14.4 5.4 76.5 25.0
2 38.2 —0.5 +0.7 42.4 11.3 250.4 70.9
3 54.0 0 0 43.9 11.1 196.0 37.8
4 23.0 —0.5 —0.1 12.8 0.4 55.3 3.4
5 61.0 —0.8 —0.5 62.7 15.1 428.1 93.2
6 — —1.1 +0.3 44.9 1.8 281.1 18.3
7 54.0 —1.0 —0.1 80.4 46.5 395.7 178.0
8 45.0 0 +0.8 40.9 7.7 269.1 48.7
9 61.4 —1.0 —1.0 105.0 44.5 488.0 186.4
Mean 47.2 —0.5 +0.2 49.7" 14.9 270.9" 735
4.6 ±0.2 9.8 5.9 49.7
"During period of immersion and equivalent period during control studies.
b p < 0.005.
times greater than it was when the same patients were studied
nonimmersed in the seated position. A mean net negative
sodium balance of 50 mEq resulted, weight tended to fall, and
there was a subjective but unquantitated diminution of the
degree of edema.
How do these effects of WI in patients with the nephrotic
syndrome compare with those found in normal subjects and
from those in other states of generalized edema? In normal
subjects th. degree of natriuresis induced by WI is closely
related to the sodium content of the diet in the days prior to the
procedure [1]. In studies on subjects receiving a diet containing
150 mEq of sodium daily, urine sodium excretion increased by a
mean of close to 150 Eq/min and reached a peak value after 2
to 3 hours of immersion [6, 7]. In patients on a 10-mEq/day
sodium intake, however, urinary sodium excretion has been
reported to increase steadily, but after 4 hours of immersion it
has reached values of only some 50 Eq/min greater than
prestudy levels [8]. In the patients with the nephrotic syndrome
that we studied, a mean increase of urinary sodium excretion of
close to 200 Eq/min occurred after 3 hours of immersion.
Thus, the natriuretic response was equal to, or even somewhat
greater than, that found in normal subjects, despite the fact that
the patients were on a low salt diet and suffered from a disease
that is intrinsically sodium retaining in nature. It should be
noted, however, that the studies were performed at a time when
the nephrotic syndrome was established and when the patients
were in sodium balance. Urinary sodium excretion, though
inappropriately low with respect to the expanded extracellular
fluid volume, was not as low as frequently observed during
periods of avid fluid retention. There was a striking similarity
between our data for WI-induced increase in sodium excretion
and that described in preliminary fashion by Sutton et alliS],
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U Prestudy 1 2 3 4 Recovery
Time, hours
Fig. 1. Effect of water immersion on absolute sodium excretion rates
(UNV) in 9 patients with the nephrotic syndrome. The solid line
represents water-immersion studies; the interrupted line represents
control studies. Asterisk (*) indicates P < 0.05; ** indicates P < 0.005,
differences from control. The arrows represent the beginning and end of
the immersion period.
where in 11 patients with the nephrotic syndrome WI induced
an increase in urinary sodium excretion, which rose from 53.2
17.5 to 237.3 93.4 pEqImin.
The effects of water immersion on urine volume and free
water clearance in the presently reported group of patients were
similar to that described for normal subjects [6, 7]. Urine
volume reached a mean peak of 7.5 0.8 mI/mm in the 2nd hour
of immersion, a value that was somewhat greater than that
found in normal subjects receiving a fluid intake identical to that
received by our patients [61. As in normal subjects, close to half
of the diuresis could be accounted for by an increase in free
water clearance [7]. Moreover, the dissociation between the
peak natriuresis and diuresis, which has been a feature of a
number of WI studies in normal subjects [1, 6, 7], was also
illustrated in the presently reported studies.
The effect of WI on the GFR in the nephrotic patients is also
reminiscent of that reported in normal subjects [1, 6—8]. There
was no consistent statistically significant alteration in creatinine
clearance during the course of the study, however. In all but
two of the studies, creatinine clearance rose during the first 2
hours of WI and then tended to return to prestudy levels.
Occasional increments of creatinine clearance averaging up to
20% have been found in normal subjects during WI, with these
changes also being restricted to the first two hours [1, 71. In this
respect, it is interesting to note that during WI in patients with
decompensated cirrhosis, marked and persistent increments in
creatinine clearance have been documented [2, 3]. In an attempt
to clarify this issue, and in view of the reported unreliability of
creatinine clearance as a marker for GFR in nephrotic patients
[4], we performed inulin clearances during three of the WI and
parallel control studies. In two of the studies, inulin clearance
rose within the first 2 hours of WI, and then reverted toward
prestudy levels (Fig. 3). We thus cannot rule out the possibility
that WI may have induced transient increases in GFR. Our
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Fig. 2. Effect of water immersion on inulin clearance in 3 patients with
the nephrotic syndrome. The circle represents patient 9, the triangle
represents patient 7, the square represents patient 8. For remainder of
key, see Fig. 1.
data, however, does not allow for a clear-cut resolution of this
issue. Increments of GFR may thus have contributed toward
the natriuresis of WI, but the magnitude of the natriuresis and
its peak during the latter part of the immersion makes it far
more likely that reduction in tubular sodium reabsorption was
largely responsible.
Experimental evidence to date, strongly suggests that the
renal changes accompanying WI in normal subjects result from
a central volume stimulus induced by a redistribution in blood
volume [1]. This volume stimulus is associated with the supres-
sion of the renin-aldosterone system in a manner similar to that
occurring during intravenous infusion of saline [9]. The WI
model has thus lent support to the concept that centrally located
volume receptors contribute an important part of the afferent
limb of the biological control system, regulating sodium homeo-
stasis [1, 10]. Indeed, the attenuated response to WI found in
normal subjects on a very low salt intake [8] would suggest that
the renal response to WI is dependent not only on the volume of
fluid translocated from the lower limbs centrally, but also on the
state of fullness of the circulation as recognized by volume
receptors in the thorax.
The fall in plasma renin activity that was a constant feature of
all the WI studies in the nephrotic patients suggests that, as in
normal subjects, the natriuresis of WI in the nephrotic syn-
drome is related to a tendency to central volume expansion.
The natriuresis, however, varied markedly in its magnitude and
at its peak level varied from 55 to 488 EqImin. Similarly, the
total negative sodium balance varied markedly. The direct
correlation between the estimated plasma volume and both the
peak natriuresis and total negative sodium balance (Fig. 3)
suggests that in the nephrotic syndrome the state of circulatory
fullness is a critical determinant of the magnitude of the
natriuretic response. Although this correlation is an attractive
one, we make it with some reservation, because of the vagaries
of plasma volume estimation in man [5], the chronologic
separation of the plasma volume estimations from the immer-
sion studies, and the possibility that undetected transcapillary
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10 20 30 40 50 60 70
Plasma volume. mi/kg
Fig. 3. Relationship between estimated plasma volume and peak levels
of sodium excretion (UNV) and negative sodium balance during water
immersion in 9 patients with the nephrotic syndrome.
leak of albumin in patients with the nephrotic syndrome might
have led to overestimation of the plasma volume values. An
alternative explanation for the variability of the natriuresis is
that in nephrotic patients with different degrees of peripheral
edema there is a variation in the amount of the fluid translocat-
ed from the lower limbs to the central blood volume. It is likely
that the final natriuresis is, in fact, determined by a variety of
factors, of which the most important are the concomitant
plasma volume, the amount of fluid translocated during immer-
sion, and also the degree of avidity for sodium reabsorption in
the kidneys of the nephrotic patient.
The mechanism of the renal avidity for sodium reabsorption,
which is a constant feature of the nephrotic syndrome, is a
source of ongoing controversy. It has traditionally been taught
that sodium retention in the nephrotic syndrome is an adaptive
response to a tendency of plasma volume to fall as fluid leaks
from the circulation into the interstitium [11]. Such a mecha-
nism requires that the baseline plasma volume in nephrotic
syndrome should be low or low-normal. Recently reported
assessments of the volume status of nephrotic patients, howev-
er, suggest that, as in the presently recorded group of patients,
many patients with this condition have normal or high levels of
plasma volume [12, 13]. To account for this observation,
investigators have proposed an alternative explanation for
edema formation in nephrotic syndrome, whereby the renal
retention of sodium starts as an intrarenal phenomenon. inde-
pendent of systemic factors, and leads to an expansion of the
plasma volume. The "overfilled" plasma volume then leaks
into the interstitium under the influence of altered peripheral
Starling forces [13]. This hypothesis is similar conceptually to
that recently proposed by Levy to explain the production of
ascites in cirrhosis [141. In the present study, it could be argued
that the natriuresis that followed WI was due to central volume
expansion, which reversed the plasma volume dependent renal
sodium retention. This explanation is in keeping with the
traditionally taught mechanism for edema formation, but we
cannot rule out the possibility that the volume stimulus induced
by WI was sufficiently great to overcome an intrinsic renal
sodium-retaining tendency. The most satisfactory explanation
for the varied levels of plasma volume in nephrotic patients
reported here and elsewhere, together with the varying natri-
uretic response to WI, would appear to be that the development
of sodium retention and edema in nephrotic syndrome cannot
be accounted for a single mechanism. Such an approach also
helps to explain the varied clinical picture of nephrotic syn-
drome in which some patients are normotensive, some hyper-
tensive, some resistant to diuretic medications, and some
exquisitely sensitive to them.
The present studies were undertaken, not only to document
the effects of WI in the nephrotic syndrome, but also to gather
information relevant to the possible use of WI as a therapeutic
tool in patients suffering from intractable edema. The loss in
weight, which reached more than a kilogram in three of the
patients, and the total negative sodium balance, which was
greater than 60 mEq in three patients, would suggest that WI
may be potentially valuable therapeutically in certain patients.
A similar conclusion has been reached in the preliminary report
by Sutton et al [151. Our observation of a relationship between
the magnitude of the natriuresis and the estimated plasma
volume suggests that it might also be possible to predict which
patients will respond to WI. Clearly, however, further studies
are required to define the therapeutic potential of this tech-
nique.
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